Mechanics and simulations of the groundsill damage due to the impacts from pebbles/cobbles by Pan, Y. et al.
1 GENERAL INSTRUCTIONS 
The outcrop in the west foothills of Taiwan is major-
ly composed of soft rock. Intense rock bed incision 
sometimes becomes a serious threat for the stability 
of a river channel and its nearby structures (Huang et 
al. 2012, 2013, 2014). The rivers in Taiwan are, in 
general, relatively short and steep. During very 
strong flows in a flood event, bedload with particle 
sizes varying, typically from gravel to cobbles (to be 
noted as “gravel” hereafter) can be transported to the 
midstream/ downstream of a river. Once the armour 
layer on the riverbed is eroded away, severe bed in-
cision may be triggered so that it disturbs the stabil-
ity of the river channel and endangers adjacent infra-
structures. When necessary, groundsill may be 
installed to protect the riverbed from uncontrollable 
abrasion and impacts caused by the saltation of par-
ticles. The function of a groundsill is to protect the 
underlying riverbed from erosion, especially adja-
cent to a bridge or weir structure. 
Compared to the bed stress induced by water 
flow, the collision with bedload, especially large 
gravel, is more likely to damage the revetment. The 
hardness of gravel is usually significantly higher 
than the revetment material which is usually made of 
concrete with low to medium strength. As a result, 
when big gravel collides the revetment, the concrete 
may be damaged because of excess impact stress 
from a concentrated dynamic load, and may eventu-
ally cause the failure of the revetment. The ground-
sill then may lose its function. 
 
 
Figure 1. An example of groundsill damage due to impacts 
from particles. 
 
Groundsills are often installed at downstream of a 
weir where the water level is elevated. In some cas-
es, a stepped groundsill may be built to evenly house 
a head drop. During a strong discharge, large parti-
cles are able to be transported with the flow. When 
passing a head drop, a particle acquires its extra ki-
netic energy as a result of losing its potential energy. 
Once the attacking particle hit the downstream re-
vetment or the river-bed armor, an instantaneous im-
pact force will be generated at the contact point. The 
destructive behavior from the attacking particle may 
comprise of erosion peel, solid particle prising and 
abrasive wear (Plum & Fang, 1996). 
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ABSTRACT: A pebble/cobble passing a head drop tends to carry a large impact momentum when it hits a 
groundsill; the heavy impact may result in the breakage of concrete. This study explores the mechanics and 
the principles of this issue by computational fluid dynamics with particle tracking. The results reveal that the 
kinematics of a single particle passing a head drop is primarily affected by the size of particles. A small parti-
cle tends to travel along the flow lines and brings relatively low impact energy. A large particle is more affect-
ed by gravity; saltation is more likely and will carry relatively high impact energy. The major role of the dis-
charge magnitude is just to enable the transportation of larger particles to the downstream. With the 
simulation, it is possible to evaluate the impact position, load and kinetic energy. The locations prone to dam-
age and failure potential can then be identified. 
When the dynamic contact stress exceeds the 
strength of concrete or surface rock, brittle failure in 
the concrete or the rock riverbed adjacent to the con-
tact point can take place. The attacked material may 
also lead to failure because of accumulative fatigue 
as a result of the gradual increase of fissure network 
induced by sequential collisions (IKleis & Kulu, 
2008). The impact force and the contact stress may 
be assessed on the basis of the instantaneous particle 
velocity at the moment of impact using the classical 
Hertz theory of contact mechanics (Hertz, 1882). On 
the basis of the Hertz contact theory for the special 
condition of the contact between a sphere and a half-
space, the instantaneous contact force F is propor-
tional to vo1.2R2, where vo is the incipient particle ve-
locity and R is the radius of the attacking particle; 
the corresponding maximum pressure is 2πa2, where 
a is the dimension of contact. The terms F and a can 
be evaluated by analytical formula as long as vo is 
known. If the maximum pressure exceeds the 
strength of concrete, the breakage of concrete will 
occur and lead to the failure of the revetment. 
Large gravel particles can only travel downstream 
along with strong water current during a large hydro-
logical event. To assess the potential for the damage 
of groundsill damaged by large particles, it is neces-
sary to estimate the trajectory and the velocity of the 
moving particles. The present work made use of 
computational fluid dynamics (CFD) to numerically 
simulate the transportation of gravel particles. The 
purpose of the simulation is to track the particle path 
and to obtain the velocity of particles with various 
sizes. 
The simulation records the impact variables of 
each gravel particle when the particle hits the river 
bed or revetment. The recorded impact variables in-
clude the particle coordinate, velocity and moving 
direction at the time of collision. With the calculated 
data, it is then possible to calculate the force induced 
by the particle collision using the concept of Hertz 
(1882), then to identify the damage caused by gravel 
particle with different sizes. The likelihood of con-
crete damage is evaluated by examining the normal 
force brought by the gravel particle collision. 
2 MODELLING APPROACH 
This work made use of the finite-element method 
(FEM) package “COMSOL Multiphysics” to con-
duct the simulation of particle movement along with 
turbulent flow in a flow channel. The software pack-
age COMSOL is capable of modelling coupled mul-
ti-physics problems by the finite-element method. 
The processes of numerical simulation in this work 
include two parts: (1) calculation of turbulent flow 
by CFD and (2) particle tracking 
 
2.1 Turbulent flow by CFD with moving grid 
For a high discharge capable of carrying large gravel 
particles, the flow condition in a river channel is of-
ten in a condition of turbulent flow. The CFD mod-
ule of COMSOL is used to carry out the calculation 
of turbulent flow. Turbulent flow in an open channel 
is analyzed considering the governing equations in-
cluding the mass conservation and the momentum 
conservation with the two-parameter k-ε turbulent 
model (COMSOL, 2013). The two equations for the 
mass conservation and the momentum conservation, 
respectively, are as follows. 
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For the k-ε model, the variables k and ε stand for 
the turbulent kinetic energy and turbulent dissipation 
rate, respectively. There are two extra energy con-
servation equations: one for k and the other for ε.  
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In the above equations: ρ= fluid density; u=flow ve-
locity; p=fluid pressure; F=volume force; μ=fluid 
viscosity; Pk= production term in k-equation; σk and 
σε= the turbulent numbers in the k-equation & in the 
ε-equation, respectively; Tµ = eddy viscosity; Cε1 
and Cε2= constants. 
The water surface in an open channel is not 
known in advance before an analysis. To model the 
free water surface in an open channel problem, we 
used the Arbitrary Lagrangian-Eulerian Method 
(ALE) (Donea, et al. 1982) supported in COMSOL 
to model a moving grid for solving the free water 
surface. The condition on the free water surface has 
to satisfy the condition that the velocity component 
in the normal direction n is zero. The moving grid is 
iteratively adjusted to meet the condition. 
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2.2 Particle Tracking 
The particle tracking module in the software package 
COMSOL enables the tracking of particle movement 
in a flow field. The forces acting on a particle con-
sidered in this work include the drag force, FD in wa-
ter flow and the gravitational force, Fg; they can be 
expressed as follows 
 
( )pD p
p
m
F u v
τ
= −               (6) 
( )p w
g p
p
F m g
ρ ρ
ρ
−
=              (7) 
 
where the terms in the above equations are: g= gravi-
ty acceleration; ρw= water density; vp= particle veloc-
ity; τp= particle velocity response time. In a turbulent 
flow, τp can be evaluated by 
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The movement of a particle has to satisfy New-
ton's second law as follows.  
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The rebound response of a particle hitting an ob-
stacle wall has to follows Equation (9) 
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in which vp1 and vp2 are the particle velocities before 
and after particle impact on the boundary wall, re-
spectively. The normal and the tangential compo-
nents of vp2 can be expressed by the following equa-
tions.  
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where CORn and CORt are the normal and the tan-
gential coefficients of restitution, respectively; α is 
the impact angle. 
2.3 Simulation Process 
A complete simulation starts with a two-dimensional 
turbulent flow analysis for an open channel repre-
senting a river section using the CFD module. In the 
CFD analysis for an open channel, we assign a pre-
scribed discharge on the inlet. After the convergence 
of solution, the balanced flow field can be obtained. 
Subsequently, by adopting the resulting flow field 
from the CFD analysis, a particle tracking simulation 
can proceed by arbitrarily releasing particles from 
the flow inlet. The particle tracking module records 
the trajectory and the traveling velocity of each par-
ticle; it also records each gravel particle’s variables 
when the particle hits the river bed or revetment. The 
recorded particle variables include the particle coor-
dinate, the velocity and the direction of movement at 
the instance of collision. Once the variables of the 
particles’ movement can be determined, further 
analysis of the potential of groundsill damage due to 
gravel strikes can be assessed. 
3 RESULT DEMONSTRATION – PARTICLES 
PASSING A HYPOTHETICAL WEIR 
A hypothetical case is used to demonstrate the ap-
proach of particle-movement simulation as described 
in the previous section. The hypothetical case is a 
flow channel containing a knickpoint with a head 
drop of 1.5m. Two conditions of unit discharge q, 
are modelled, one with q = 50 cms/m (1 cms = 1 
m3/s), the other with q = 10 cms/m; both cases are 
capable of carrying large gravel particles up to 400 
mm. Three different sizes of particle, D, are mod-
eled: D = 400 mm, D = 50 mm and D = 10 mm. Fig-
ure 2 shows the flow lines and the velocity distribu-
tion obtained from the CFD computation. The 
maximum velocity can reach 12 m/s, approximately. 
 
 
 
Figure 2. Flow lines and velocity distribution for q = 50 cms/m. 
 
For the particle tracking simulation, the normal 
coefficient of restitution is assumed to be 0.7. Figure 
3 presents the results of particle tracking under an 
unit discharge of q = 50 cms/m. Figure 3(a), (b) and 
(c) are the particle trajectories for a group of parti-
cles with particle diameter D equal to 400 mm, 50 
mm and 10 mm, respectively. Comparing Figure 
3(a)-(c), it appears the trajectory of the smaller parti-
cles tend to be more confined and move along the 
flow lines, while the large particle may bounce a few 
times after passing the knickpoint with a head drop.  
Figure 4 shows the distribution of impact energy 
head for the case of q = 50 cms/m: Figure 4(a) for D 
= 400 mm and Figure 4(b) for D = 10 mm. The se-
quential spikes indicate the sequential occurrence of 
particle bounces. The location of each spike in the 
distribution corresponds to a concentrated region 
that particles may pass the knickpoint and hit the 
surface of groundsill. It appears the distribution of 
impact points for a larger particle tends to be more 
random than that of a small particle. A small particle 
passing the head drop tends to impact the ground 
surface at more concentrated regions and with less 
bounces; their impact points are more concentrated 
at a narrow band. The occurrence of concrete dam-
age due to particle impact can be evaluated by the 
impact energy. Khali et al. (2015) conducted a series 
of laboratory experiments to determine the maxi-
mum impact energy that a standard grade concrete 
can take before its breakage; their test results indi-
cated that an intact concrete will break when the ac-
cumulative impact energy is over 600 J, approxi-
mately. For simplicity, 600 J can be regarded as the 
threshold impact energy.  
The input of the impact energy may directly de-
termine whether a single particle impact can result in 
damage to the attacked material. Assuming the same 
impact velocity, a large particle will certainly pos-
sess higher impact energy for each occurrence of 
impact. Setting 600 J as the threshold, one can de-
termine the threshold impact velocity to damage a 
standard grade concrete for a particle with a specific 
particle size D. For a particle with D = 400 mm, a 
vertical component of impact velocity larger than 3.8 
m/s is enough to damage a common concrete in one 
single impact. A particle passing the knickpoint can 
bounce a few times before its kinetic energy is dissi-
pated. 
 
 
 
Figure 3. Particle trajectories for q = 50 cms/m and D = (a) 
400mm; (b) 50mm; and (b) 10mm. 
(a)  
(b)  
 
Figure 4. Impact energy-head distribution for the case q = 50 
cms/m and for (a) D = 400mm and (b) D = 10mm. 
 
Table 1 lists the impact energy of successive 
bounces of a 400-mm particle under various unit 
discharges. In the first collision, the impact energy 
exceeds the threshold impact energy and is able to 
cause concrete damage in just one impact. The im-
pact energy gradually reduces as the particle contin-
uously bounces away from the knickpoint. After the 
first collision, the impact energy is no longer large 
enough to break the concrete in a single impact. 
Nevertheless, repetitive impacts from sequential par-
ticle impacts during a flood may accumulate the im-
pact energy at the same spot. As time elapses, the 
accumulated impact energy may eventually reach the 
threshold energy that causes breakage of the con-
crete. Smaller particles cause lower impact energy 
for an individual impact. However, the trajectory of 
small particles is more concentrated and more easily 
results in continuously impact at the same spot, and 
thus, may still result in damage accumulation and 
lead to concrete breakage. 
 
Table 1. Impact energy of successive collisions of a 400-mm 
particle under various unit discharges. 
#collision 
q 1
st 2nd 3rd 4th 
50 cms/m 731 J 335 J 152 J 72 J 
25 cms/m 706 J 351 J 168 J 78 J 
10 cms/m 665 J 310 J 147 J 72 J 
 
A particle moving in water current is simultane-
ously subjected to the gravitational force and the 
drag force resulting from the water flow. The kine-
matics of a particle is determined by these two forc-
es. For a particle moving in an open channel, the 
drag force is affected significantly by the horizontal 
particle velocity; while the gravitational force con-
trols the vertical particle velocity. 
One can convert the acting forces into equivalent 
acceleration terms. The gravitational acceleration g 
is assumed a constant. The drag force resulting from 
water flow is proportion to the acting area, thus it is 
proportional to D2, while the particle mass is propor-
tional to D3. Hence, the equivalent acceleration for a 
larger particle from the drag force will be lower than 
that for a small particle. 
Figure 5 summarizes the equivalent accelerations. 
The horizontal equivalent acceleration for the drag 
force is proportional to Cx/D, where Cx is the coeffi-
cient of horizontal drag force. The vertical equiva-
lent acceleration can be expressed as g+Cy/D, where 
Cy is the coefficient of horizontal drag force. 
 
 
 
Figure 5. The horizontal and vertical equivalent accelerations 
of a particle moving with water flow 
 
For a relative large particle, the gravitational force 
tends to dominate the behaviour of the particle 
movement; the importance of the drag force is rela-
tive smaller, and thus a second order effect. In con-
trast, the drag force has a stronger effect on the kin-
ematics of a relatively small particle compared to the 
effect due to the gravitational force. A small particle 
more or less travels with the water flow, so that the 
particle trajectory closely follows the flow lines. 
The intensity of the discharge affects the charac-
teristics of particle movement. A higher discharge 
can carry a higher kinetic energy in the water flow, 
thus enabling the transportation of larger particles 
past the weir. Once a large particle passes an eleva-
tion drop, the loss of potential energy will be trans-
ferred to kinetic energy. For example, a 400-mm par-
ticle leaving the head drop possesses a high 
downward vertical force. As a result, there will be a 
high vertical component of downward acceleration 
as well as a high vertical component of impact ve-
locity. Consequently, the impact angle for a larger 
particle is usually larger than the impact angle of a 
small particle. 
For a lower flow discharge, only relatively small 
particles can move with the water flow; the drag 
force on the particle is also lower. Thus, the horizon-
tal component of particle velocity is lower and re-
sults in an even higher impact angle as a result. Alt-
hough the horizontal component of impact velocity 
is controlled by the flow discharge, the vertical com-
ponent of impact velocity is insignificantly affected 
by the magnitude of discharge. 
4 CASE STUDY 
In this section, we present a case study of groundsill 
damage due to the impacts of moving pebbles in the 
Ba-Chang River, Taiwan. The Ba-Chang River is 
one of the major rivers in southwestern Taiwan. The 
site of the case study is located at the midstream of 
this river. Particles as large as 400mm were observed 
being transported downstream during large floods. 
Figure 6 shows two photographs at the case study 
site. Figure 7 illustrates the layout of the groundsill 
works. 
 
 
 
 
 
Figure 6. Photographs at the site of the case study 
 
 
 
Figure 7. Layout of the groundsill 
Figure 8(a) displays the two-dimensional FEM 
model mesh along the river section with a series of 
stepped groundsills. The system of the stepped 
groundsills contains one weir on the leftmost, fol-
lowed by three successively descending steps. The 
unit discharge, q, is 476 cms/m, this discharge corre-
sponds to a discharge with a two-year return period. 
The slope in this river section is 1/150, approximate-
ly. 
Figure 8(b) shows the flow field obtained from 
the CFD calculation after convergence. We also ex-
amined the tractions arising from water flow by 
means of a fluid-structure interaction analysis. Ac-
cording to the results of the fluid-structure interac-
tion analysis, all of the components of the tractions 
are less than a few tens of kPa, which are far lower 
than the concrete strength (usually a few to tens of 
MPa) for any mode of failure (the results are not 
shown). It reveals that water flow alone is not able to 
damage the concrete making up the groundsill.  
 
(a)  
(b)  
 
Figure 8. FEM model and the flow field of the case study 
 
Figure 9 displays the distribution of particle tra-
jectories and velocity for this case study. The regions 
of the impact concentration occur at approximately 
halfway along the three steps downstream of the 
weir. The impact velocity decreases with the de-
scending steps. 
The particle tracking simulation follows the anal-
ysis of flow field. For the two-year return period dis-
charge, particles up to 100 mm in diameter are able 
to pass through the series of stepped groundsill. Fig-
ure 10 shows the impact energy-head distribution 
obtained from the particle tracking for particles with 
100 mm diameter. It appears that the spots with high 
impact-energy head are mainly located adjacent to 
each elevation drop. The highest impact-energy head 
obtained from the simulation coincides with the lo-
cations of damage observed in the field as shown in 
Figure 11. 
 
 
 
Figure 9. Distribution of particle trajectories for the case study 
 
 
 
Figure 10. Impact energy-head distribution for the case study 
 
 
 
 
 
Figure 11. Photographs showing the damage of groundsill 
 
The impact load and stresses due to each impact 
can be assessed by the Hertz theory. The impact load 
F was estimated from the normal component of the 
impact velocity vo by using F=k·vo1.2·R2; the term k is 
a proportionality coefficient. The likelihood of con-
crete failure caused by particle impact can be as-
sessed by examining the maximum impact energy or 
the maximum impact stress on the concrete. Using 
the Boussinesq solution (Das & Sobhan, 2014), one 
can estimate the induced stress caused by a concen-
trated load on a semi-infinite space at a distance 
from the acting load. The maximum depth z at the 
location where the induced stress will exceed the 
concrete strength then can be determined. This 
depth, z, can be regarded as the maximum depth of 
concrete breakage caused by one impact load. 
Table 2 lists various impact variables of 100-
mm particles on steps 1, 2 and 3 of the groundsills. 
In the Table, vp is the particle velocity; vn is the ver-
tical component of vp; F/W is the impact load F 
normalized by the particle weight W; and z/D is the 
depth of concrete breakage z normalized by the par-
ticle diameter D. The principles in the ACI544 test 
(1999) and the dynamic strength of concrete (Chen, 
2015) are used to examine whether the groundsill 
will fail and to estimate the breakage depth in the 
concrete. 
 
Table 2. Data of Impact Variables 
Groundsill 
Step # 
Vp 
(m/s) 
Vn 
(m/s) 
Impact 
angle F/W z/D 
1 3.60 2.02  34.04˚ 175.09 0.074 
2 2.94 1.83  38.40˚ 159.46 0.059 
3 1.43 0.94  41.23˚ 70.91 0.04 
5 CONCLUSIONS 
A pebble or cobble passing a head drop can carry a 
large impact momentum when it drops and hits the 
groundsill. The heavy impact may result in the 
breakage of the concrete. The broken areas in con-
crete may gradually expand and cause the failure of 
the groundsill, eventually. This study has explored 
this problem using CFD and the FEM software 
COMSOL. The numerical simulation consists of two 
steps. The first step involves an open channel simu-
lation of turbulent flow with a free water surface; its 
purpose is to obtain the flow filed under a specific 
input discharge on the inlet boundary. With the cal-
culated flow field, the next step is to model the paths 
of particles (i.e., particle tracking) to be carried by 
the flow field; the forces acting on a particle include 
the gravity force and the drag force in the flow. 
The simulated results reveal that the kinematics 
of a single particle passing a head drop is primarily 
affected by the size of particles. A small particle 
tends to travel along the flow lines and brings rela-
tively low impact energy; the impact location is 
more confined. A large particle, on the other hand, is 
more affected by gravity; saltation is more likely and 
will carry relatively high impact energy. The magni-
tude of the hydraulic event controls the discharge 
magnitude of river. The major role of the discharge 
is to enable the transportation of larger particles to 
the midstream, and even downstream of a river. 
The impact position, the impact velocity and the 
impact angle for each impact are recorded during the 
numerical simulation of particle tracking. With these 
recorded data, it is then possible to evaluate and car-
ry out the statistics of the impact position, impact 
load and impact kinetics. The locations prone to 
damage can be evaluated. The Hertz theory is adopt-
ed to estimate the impact load and stresses on the 
concrete surface due to an impact. The maximum 
impact energy or impact stress determines whether a 
particle impact will result in the failure of concrete. 
The findings from this study help to understand 
the kinematics and mechanics of gravel particles 
travelling in a river in strong water flow. It may also 
be used to predict the potential extent and locations 
of groundsill damage under a major hydraulic event. 
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